Abstract: Poor uniformity of water application by subsurface drip irrigation has been examined and some explanations are suggested in this paper. Use of soil conditioners for soil structure stabilization around subsurface drip irrigation pipes was suggested by the authors and tested in the laboratory. The conditioners preserve the structure of existing aggregated and may effectively reduce soil clogging. A silt loam soil was uniformly packed in a 1 ϫ 0.8ϫ 0.15 m box. Two holes were dilled in the box wall through which two emitters were inserted, one for applying solution of soil conditioner and one as a control. Stabilization was achieved by applying two types of polymer solutions differing by their molecular weights through an emitter buried in a silt loam soil. A measured water volume was injected through the emitters into the soil and, after 48 h following irrigation, the box was dismantled. Gravimetric soil moisture content and aggregate water stability were measured in vertical and horizontal distances from the emitter. The highest stabilizing effectiveness was obtained with a volume of 1.5 L polymer solution at 5 g / L concentration, which was applied to the soil at an initial moisture content of 13%. The volume of stabilized soil increased with the volume of applied solution, but the volume ratio of stabilized soil to applied solution decreased with the increase in solution volume. A polymer of relatively low molecular weight was found less effective since a large portion of the solution was consumed by fast penetration into soil aggregates without improving the soil structure. The proposed method offers a simple and easy means for preparing a stabilized soil envelope around subsurface drip irrigation pipes, which may improve the long-term performance and uniformity of the application of these systems. Yet for some of these aspects, further field evaluation is needed, since the results of the study are from a laboratory experiment limited to one soil only.
Introduction
The subsurface drip irrigation (SDI) method is becoming more acceptable in practice due to some of its inherent advantages (Camp et al. 2000) . Microirrigation and particularly SDI can potentially "spoon feed" water and nutrients to a crop (Lamm et al. 2001) . Such application of water and nutrients requires accurate, steady, and reliable flow rate from the emitters. The long-term efficiency of the SDI method strongly depends on soil conditions at the vicinity of the emitters.
Farmers reported poor uniformity of water application of the SDI systems Warrick and Shani 1996) . Several explanations have been suggested for the apparent inadequate performance of the SDI systems: (1) soil limiting the flow from subsurface emitters; (2) heterogeneity of the soil at the vicinity of subsurface emitters due to plow-type equipment installation techniques, which severely disturb the soil around the emitter lines; and (3) soil plugging due to sediment and subsurface depositional crust formation associated with in-soil particle movement as a result of water flow from the emitters through the soil profile.
Scientists such as Shani and Or (1995) , Shani et al. (1996) , and Warrick and Shani (1996) who relate the observed decrease in subsurface emitter discharge, to low infiltration rate of the surrounding soil, named this phenomenon "soil limiting flow." They computed a decrease in Christiansen's uniformity to a value of 0.85 due to spatial variability in soil physical properties, using data from a field in the Arava Valley, Israel. Pressure buildup in the soil, while water could not be easily removed from the subsurface emitter, caused a decrease in the emitter discharge and affected the uniformity of application.
In the above mentioned research on "soil-limiting flow," soil properties at the vicinity of subsurface emitters and in the entire field were assumed similar. Two important phenomena were not taken into consideration: (1) soil disturbance caused by the plow's blade and leg during the installation of the SDI system using the "plowing-in" method and (2) plugging of soil by forming of depositional crusts around the emitter due to in-soil particle movement caused by water flow from the emitter outlet to the soil bulk matrix. Most of the SDI systems are installed in the field at a depth of 20-40 cm, using the "plowing-in" technique. The emitter tubing is fed into the ground through a slit opening created by passing the plow blade through the soil. The soil type, soil moisture content, and buried rocks affect the operation of most plows. Spatial variability of these factors affects the extent of soil disturbance and soil structure around the emitter tubing after the installation by the "plowing-in" method. Fry and Spoor (1983) have studied the effect of smearing the sidewalls and bottom of a trench, by the "plowing-in" method, on the water flow to a drain placed at the bottom of the trench, and found it significant.
The original soil profile is disturbed by the plow blade and leg during the plowing-in method near and above the installed emitter tubing. This soil disturbance has been studied in detail for the evaluation of mole drain plows, which also operate at the same depth as the SDI plows. Godwin et al. (1981) and Spoor and Leeds-Harrison (1999) describe the type of soil disturbance (typical to clay soils) following the passing of a mole plow, which operates at a similar depth as the SDI plow. Vertical fissures are formed by the plow leg at an angle of approximately 45°to the direction of the plow movement. Other cracks in angles of 45°to the horizon are also formed by the plow blade. Most of the saturated water flow, in drained clay type soil, occurs through these fissures and cracks. This is true for the first years after installation of SDI system. The disturbed soil slowly settles and the overall soil permeability reduces with time. Taylor and Fausey (1982) reported long-term compaction of backfill soil around drains, which reduces soil hydraulic conductivity. Similar behavior has been observed in mole drainage (clay soils) and is expected in the SDI system, unless the disturbed soil around the emitter laterals has been stabilized, as is suggested here. The objective of such stabilization is to preserve the disturbed, well-structured soil surrounding drip laterals after the "plow-in" installation and therefore to minimize the long-term compaction of this disturbed soil which, if occurs, may adversely effect uniformity of water application inn the SDI systems.
In-soil movement of soil particles in the soil profile due to water flow is a well-known phenomenon, which occurs mostly in noncohesive, Typic Rhodoxeralfs (U.S. Toxonomy), soils. Sandy loams of about 85% sand and 15% silt and clay (e.g., Arava sandy loam) are most likely to be affected by such in-soil particle movement. Less permeable inner soil crust is formed there and are called depositional crusts. Shainberg and Singer (1986) and Southard et al. (1988) measured a reduction in soil hydraulic conductivity of such depositional crusts by 2-3 orders of magnitude compared to that of the soil bulk. It is suspected that the soil limiting flow effect reported by Shani et al. (1996) has been affected by such depositional crusts. Hydraulic gradient at the vicinity of the emitter outlet is high, and so is the water flux. It can, therefore, promote silt and clay particle movement in the soil. Such movement may end a small distance away from the emitter where the hydraulic gradient is smaller, thus forming a depositional crust and reducing the emitter discharge. Data of the Arava sandy loam reported by Shani et al. (1996) , in which soil limiting flow from the SDI system has been observed, indicate high sensitivity to soil particle movement since it is composed of 83% sand, 8% silt, and 9% clay (Typic Rhodoxeralfs).
Drainage scientists use the concept of hydraulic failure gradient (HFG) to indicate the limiting gradient for in-soil particle movement (Stuyt and Willardson 1999) . Detailed studies of drainage filters (envelopes) clogging and siltation of small diameter drain tubes confirm the existence of HFG and its dependence on soil properties. Stuyt and Willardson (1999) suggested an equation which correlates HFG to the soil hydraulic conductivity and to the plasticity index.
It is suggested here that the hydraulic gradients at the vicinity of the SDI emitter outlet are much higher than the HFG of the soil; hence, in-soil particles movement occur near the emitter outlet. In sandy soils, for example, where the plasticity index is very low, the HFG is also very small indicating high soil sensitivity to in-soil particle movement (Stuyt and Willardson 1999) . Soil plugging due to in-soil particle movement can be minimized using soil conditioners. A feasible method that includes the use of soil conditioners for stabilizing the soil around drains has been suggested by Dierickx and Gabriels (1976) , Zaslavsky (1978) , and Dierickx and Goossens (1978) . This method is based on the stabilization of soils by spraying conditioner solutions on the backfill material and then mixing it thoroughly. Adaptation of such techniques to large soil volumes in the field requires excessive water quantities and effective spraying and mixing technologies.
Good results were obtained by applying conditioners via surface drip irrigation (Shaviv et al. 1985) . Soil conditioning to a depth of 30 cm was observed in laboratory experiments in which soluble anionic polymers were applied to soil columns by drip irrigation (Shaviv et al. 1987a ). The best results were achieved with anionic conditioners of relatively high molecular weight (more than 75,000 Dalton). It was found that the depth of conditioned soil was the same as the penetration of the wetting front at the end of application, provided that sufficient conditioner was supplied in the solution (e.g., 4 -5 g / L) and the antecedent water content was less than that of the field capacity. Soil conditioner application by irrigation water and particularly by drip irrigation presented a new application method which considerably reduced conditioning cost since no extra tillage or mixing were needed (Shaviv et al. 1985) . Field soil conditioning experiments showed that results thus obtained were superior to those obtained by spraying and mixing conditioners in the soil (Shaviv et al. 1987b) .
The objective of this work was to investigate the role of watersoluble soil conditioners injected with water through subsurface emitters in stabilization of soil around SDI emitters.
Experimental Method
A silt loam (12.7% clay content, cation exchange capacity of 9.5 cmol ͑+͒kg −1 ; and 0.56% organic matter) was taken from horizon A of a field in the agricultural land in Kissuffim, Northern Negev (typical to semiarid conditions), Israel, air-dried and passed through a 4.76 mm sieve. The soil was then uniformly packed in a 1 ϫ 0.8ϫ 0.15 m box. Two holes were drilled in the box wall, through which two emitters were inserted at the center of the box, one for applying soil conditioner solutions (Fig. 1) and the other for control without conditioner. The emitter discharge was 0.9± 0.3 L / h.
The experimental setup was used to run several experiments. A measured water volume ͑V͒ was injected through the two emitters into the soil, and after 48 h following irrigation, the box was dismantled and the wetted perimeter was marked. Three radii of this wetted parameter were measured (see Fig. 2 ): P +z , P −z , and P x , namely the vertical distance upward ͑+z͒, downward ͑−z͒, and horizontally ͑x͒ from the emitter to the wetted perimeter. The effective wetting radius ͑P eff ͒ was defined by
Subsequently, soil samples in two replicates were taken at known distance intervals, vertically upwards (+z axis), vertically downwards (−z axis), and horizontally (x axis) from the emitters (see their locations in Fig. 3 ). These were used to determine gravimetric moisture content and aggregate water stability using a slight modification of the Yoder (1936) method (Shaviv et al. 1987a) . Soil samples were taken at 2 -5 cm intervals in each direction.
The volume of injected water varied from 1.5 to 5 L. Three initial soil-moisture contents were considered: 2.5, 13, and 19%. Two soil conditioner types were applied: LIMA with a molecular weight Ͼ75,000 Dalton and LIA with a molecular weight of about 25,000 Dalton (Zaslavsky et al. 1980; Shaviv et al. 1987a, b) ; and two conditioner concentrations were used; 5 and 10 g / L. These concentrations were selected based on previous findings of Shaviv et al. (1987a) , which showed optimal conditioning of the Kissufim silt loam at a conditioner concentration of 4 -5 g / L. The different treatments are summarized in Table 1 .
Results and Discussion
For the evaluation of the stabilizing effect of different conditioner treatments, several parameters were defined. The mean diameter of water stable aggregates D was defined as
where D i = sieve opening (in millimeters); n = number of different sieve screens; and f i = weight fraction of aggregates retained on the ith sieve. Penetration distance (referring to stabilization), R was arbitrarily defined as radial distance from the injection point to the point where the mean diameter of water stable aggregates ͑D͒ was double the nonstabilized mean diameter D 0 . The penetration radius R was measured in three directions, +z, −z, and x (Fig. 2) . Effective penetration radius R eff , representing the average stabilized radius around injection point, was defined by
The average stabilized area A c in a vertical plane perpendicular to axis y of the line source was defined by
Similarly, the average volume of stabilized soil V c was obtained by multiplying the stabilized area A c by the box width, assuming that the y axis was uniformly wetted after 48 h. The ratio of the stabilized soil volume to the injected water volume was used to express the stabilizing effectiveness of a given treatment and defined as
where V = volume of the applied conditioner solution. Likewise, the ratio of effective penetration radius to the wetted soil ͑P eff ͒ radius, , expressed the penetration effectiveness of the soil conditioners = R eff P eff ͑6͒ Table 1) Since distribution of conditioners surrounding the injection point was radially asymmetric, it was useful to define a distortion ratio as
Finally, the cost effect ratio (CER) was defined as the amount of material (in grams) required to stabilize a volume of 1 L of soil
where C = conditioner solution concentration in g/L. All treatments were analyzed using the above definitions. The mean diameter of water stable aggregates D [Eq. (2)] was used as a measure of aggregate stability [Eq. (2)]. Fig. 3(a) shows the distribution of D in the control soil samples (only water injected). Values of D Х 0.2 mm were found there. Fig. 3(b) shows the stabilizing effect of LIMA (Treatment 3 of Table 1) , where values of D greater than 1 mm were found at a radius of 7 cm from the injection point. With the radial distance from the injection point D was reduced to 0.2 mm (corresponding to the control) at about 14 and 17 cm in directions +z and −z, respectively. Note the asymmetric vertical distribution of D (due to gravity component of the flow) and the symmetric horizontal distribution. Since symmetric horizontal distribution occurred repeatedly in the treatments, only one horizontal radius of penetration R x was reported. Table 1 summarizes the results obtained with the different treatments. Treatment 2,3,4 repeat treatment 1, but with different volume of applied water and emitter discharge. It is evident (Fig.  4, Table 1 ) that the stabilizing effectiveness of a given treatment was inversely proportional to the injected water volume V. This practically infers that a relatively large soil volume can be conditioned by a small volume of water. Yet the effective penetration radius R eff (and hence, A c and V c ) increased with the injected solution volume V. The effectiveness of soil conditioner penetration did not correlate well with the volume of injected solution at a given soil moisture content (e.g., Treatments 1-4). The distortion ratio was closest to unity (0.82) when the lowest solution volume was applied to air-dried soil (Treatments 1-4), and was 0.45 when the conditioner was applied to the wettest soil (Treatment 8).
Stabilization results obtained with LIA (low molecular weight) were significantly poorer than those obtained with LIMA. Table 1 shows = 0.86 for LIA compared with = 2.54 for LIMA. Similarly, the lowest penetration effectiveness, = 0.45 was measured for LIA. These results conform the observations of Shaviv et al. (1987a) who studied the same soil in column experiments. The findings were attributed to the faster diffusion rate of LIA into the aggregates (a result of lower molecular weight), hence the adsorption (consumption) of more conditioner molecules at the vicinity of the emitter.
The effect of the initial soil moisture content on conditioning was also pronounced. The highest (5.4) for a given conditioner concentration was observed for soil with an initial moisture content of 13%, whereas for initially air-dried soil (2.5% moisture) and for soil with 19% initial moisture content, it was significantly lower. The distortion ratio was lowest (0.45), with the wettest 
Distortion ratio Table 1 soil and 0.81 and 0.82 for the dryer soils of 2.5 and 13.0% moisture contents, respectively. A similar trend was observed with . Results obtained at an initial moisture content of 13% were thus superior in terms of stabilizing effectiveness and more even distribution of the conditioner. These results also confirm the findings of Shaviv et al. (1987a) , where the highest stabilizing effectiveness was found with a similar initial moisture content halfway between air dryness and field capacity. This was explained by the fact that air-dried aggregates were partially destroyed by the wetting process, while at the higher water content, the penetration of polymers into the aggregates was inefficient.
The effect of the conditioner concentration is also demonstrated in Table 1 . Stabilizing effectiveness values of 5.4 and 5.64 were found for LIMA concentrations of 5 and 10 g / L, respectively. The CER thus obtained with the 5 g / L concentration was half of the CER obtained with 10 g / L. These results support the observation made by Shaviv et al. (1987a) , who found that concentrations ranging between 4 and 5 g / L yielded the highest stabilizing effectiveness on similar soils. Thus, increasing conditioner concentration, from 5 to 10 g / L, had little effect on conditioning effectiveness, whereas the conditioning cost was doubled. The distortion ratio with 10 g / L was lower (0.68) than with 5 g / L (0.81), presumably, due to the higher viscosity of the more concentrated solution.
Field Application and Future Research
The present paper suggests use of soil conditioners to stabilize the soil surrounding subsurface emitters of SDI systems. Results from the preliminary laboratory experiment reported here are promising. A significant increase in stability of soil aggregates was obtained by the application of soluble conditioner through a subsurface emitter.
Field studies should be conducted to evaluate the suggested method. Soil conditioners can easily be applied in the field using conventional chemigation/fertigation equipment, e.g., fertilizer injection pumps. Increase in water aggregate stability can be measured using techniques similar to those reported here.
Conclusions
Three reasons for poor uniformity of water application obtained by the SDI are discussed here: (1) soil limiting the flow from subsurface emitter; (2) disturbed soil surrounding SDI laterals, caused by plow blade and leg while the "plowing-in" method of installation is used and may be settled and compacted later, plugging emitters outflow and adversely affect uniformity of water application in SDI methods; and (3) plugging of the soil surrounding subsurface emitter due to depositional crusts formed by the movement of silt-clay particles in the soil, as a result of water flowing away from the emitters to the soil bulk. The use of soil conditioners to stabilize the soil surrounding the emitter is suggested as a feasible technique to improve uniformity of water application in SDI.
A new concept of soil structure stabilization around subsurface drip irrigation pipes has been demonstrated in a bench-scale laboratory study. Stabilization was achieved by applying polymer solutions through a subsurface emitter buried in a silt loam soil. The highest stabilizing effectiveness was obtained with 1.5 l of LIMA polymer solutions at a concentration of 5 g / L applied to the soil at an initial gravimetric moisture content of 13% (midway between air dryness and field capacity). The lowest cost effective ratio was obtained with the smallest volume applied at a 5 g / L concentration. A polymer of relatively low molecular weight such as LIA was found less effective, since a large portion thereof was dissipated by fast diffusion into soil aggregates without further improvement of the soil structure.
In order to estimate the real cost of such treatments, further investigation, defining the minimal volume of conditioned soil necessary for efficient functioning of SDI systems, is required.
The proposed method offers simple means of preparing a stabilized soil envelope around SDI pipes to improve their performance. However, it should be further studied, both in the laboratory and in the field, since the results were obtained with one soil only.
The effect of the soil conditioner on the overall soil permeability near the emitter outlets can be measured by the methods suggested by Shani and Or (1995) and Shani et al. (1996) .
Notation
The following symbols are used in this paper:
A c ϭ average stabilized area ͑L 2 ͒; c ϭ solution concentration ͑ML −3 ͒; CER ϭ cost effect ratio; D ϭ mean diameter of water stable aggregate (L); D i ϭ sieve opening (L); D 0 ϭ nonstabilized mean diameter (L); f i ϭ weight fraction of aggregates remained on sieve; P eff ϭ effective wetting radius (L) P x,+z−z ϭ horizontal and vertical (+ = upward, − = downward) distances from emitter, respectively (L); R ϭ penetration distance (L); R eff ϭ average stabilized radius (L); V , V c ϭ volume of applied conditioners and average volume of stabilized soil, respectively ͑L 3 ͒; ϭ ratio of effective penetration radius to wetted radius; ϭ distortion ratio; ϭ ratio of stabilized soil volume to injected water volume; and ϭ gravimetric moisture content (m/m).
